by communities of microorganisms colonizing the subgingival area.
Approximately 700 species of bacteria representing 13 phyla have been identified in the human oral cavity. 13 Studies using murine models have shown that P. gingivalis, a low abundance bacterium, can initiate periodontitis in the context of a multispecies microbial community. 14 Therefore, P. gingivalis has been suggested as a keystone pathogen that elevates the virulence of the entire microbial community. [14] [15] [16] [17] Porphyromonas gingivalis possesses a vast array of effector molecules and systems that enables its colonization and survival in the oral cavity, communication with other bacteria and, ultimately, virulence. [18] [19] [20] [21] Two distinct fimbriae composed of FimA and Mfa1, respectively, are the most well-documented virulence factors of P gingivalis. 22 Fimbriae contribute to colonization, biofilm formation, cell invasion, bone resorption, and the evasion of the host defense systems. 19, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Another well known virulence factor are the gingipains, which include two arginine-and one lysine-specific cysteine proteinases (RgpA, RgpB, and Kgp). 33 So far, all tested P. gingivalis strains produce gingipains that are either in membrane associated form or secreted in soluble form. 34 Gingipains are multifunctional proteins involved in most stages of bacterial physiology and infection. Besides promoting tissue matrix destruction by proteolysis, 35 gingipains also play an important role in biofilm formation via the Cterminal adhesive regions of RgpA and Kgp, or through profimbrillin processing. 36, 37 We have previously reported an antagonistic relationship between P. gingivalis and Streptococcus cristatus. We found that S cristatus arginine deiminase (ArcA) can repress FimA expression in several P gingivalis strains, including strains expressing fimA types I, II, and III. 38 Similar results were later observed by the Davey lab, 39, 40 in which they reported a downregulation of P. gingivalis genes encoding the major (fimA) and minor (mfa1) fimbriae by
Streptococcus intermedius ArcA. Our data from a peptide array showed that an eleven amino acid peptide with the native sequence of streptococcal ArcA, which we designate streptococcal
ArcA derived anti-P. gingivalis peptide (SAPP), not only repressed fimA and mfa1 expression but also repressed mfa1, rgpA/B, and kgp expression in P. gingivalis. 41 Moreover, SAPP does not contain potential residues that electrostatically interact with L-arginine, 42 therefore, it is not likely that this peptide possesses arginine deaminase enzymatic activity.
In this study, we further exploited the effect of SAPP on the colonization of P. gingivalis clinical strains in native multispecies biofilms. SAPP structure and its stability in water and diluted human whole saliva were characterized. In addition, we assessed the physiological effects of SAPP in human oral epithelial cells and fibroblasts.
Our data show that even at the concentrations much higher than that which reduces virulence gene expression by 50%, SAPP did not affect host cell viability after a 48 hours exposure. By comparing levels of P. gingivalis in the multispecies microbial biofilms grown in the presence or absence of SAPP, we found that SAPP likely acts efficiently in complex microbial communities and could be exploited for complementary therapy against periodontitis.
| ME THODS

| Bacterial growth conditions and cell lines
Porphyromonas gingivalis 33277, W83, and mutant strains were cultured from frozen stocks in either Trypticase soy broth (TSB) or on TSB blood agar plates supplemented with yeast extract (1 mg/mL), hemin (5 μg/mL), and menadione (1 μg/mL), and incubated at 37ºC
in an anaerobic chamber (85% N 2 , 10% H 2 , 5% CO 2 ). S. gordonii DL1 was grown in Trypticase peptone broth (TPB) supplemented with 0.5% glucose at 37ºC under aerobic conditions.
| Peptide synthesis and activity
SAPP and its derivatives were synthesized by Biomatik (Wilmington, DE) and purified with high performance liquid chromatography (HPLC) to achieve ≥95% purity. The purified peptide was resuspended in nuclease/proteinase-free PBS, aliquoted, and stored at −20°C.
| High-performance liquid chromatography (HPLC) analysis of SAPP
To determine the stability of SAPP in solution, we incubated SAPP (100 µmol L −1 ) in 100 µl H 2 O, PBS, and whole saliva at 37°C for 
| Circular dichroism (CD) spectroscopy
CD spectra of SAPP (0.75 μmol L −1 ) were collected using a Jasco J-810 spectrometer outfitted with a Peltier temperature control module. The spectra were collected at 25°C in filter-sterilized distilled water or tri-fluoroethanol using a 1 nm bandwidth at 1 nm intervals with each data point averaged for 1 second. Data were analysed using the Jasco spectral analysis program. 
| Cytotoxicity and apoptosis assay
| RNA isolation and qPCR
Porphyromonas gingivalis were homogenized in Trizol (Invitrogen) and RNA was purified using an RNeasy mini spin column (Qiagen, Valencia, CA) as previously described. 41 Primers used are listed in Table S1 . Reverse transcription was performed using a Bio-Rad iScript reverse transcription supermix on a TC-3000 thermal cycler (Techne) and a real-time RT-PCR analysis using a QuantiTect SYBR Green RT-PCR kit (Qiagen) on an iCycler MyiQTM real-time PCR detection system (Bio-Rad) according to manufacturer's instructions. P gingivalis 16S rRNA gene was used for normalization. The expression levels of the investigated genes were determined using the comparative cycle threshold (∆CT) method. The number of P. gingivalis cells in biofilms and released from the biofilms was determined by using qPCR P. gingivalis cells were lysed with lysis solution (solution A; Invitrogen). DNA was extracted using an Easy-DNA kit (Invitrogen).
Bacterial cells in biofilms were counted using a QuantiTect SYBR green PCR kit with their specific 16S rRNA or 23S rRNA gene primers.
Standards used to determine bacterial cell numbers were prepared using genomic DNA from bacteria. Purified bacterial DNAs from known bacterial numbers were isolated for a qPCR assay. Three trials were performed on three separate cultures.
| Ex-vivo biofilm assay
The dental plaque sample collection protocol was reviewed and approved by the Meharry Medical College Institutional Review Board (IRB) (approval number 16-08-584). All clinical specimens were collected by clinicians in the Meharry Medical College dental clinic using paper points as previously described. 43 Chronic periodontitis patients presented with radiographic periodontal bone loss of ≥4 mm at multiple teeth were selected. A total of 11 subjects, including eight males and three females with a mean age of 47.8 years and an age range from 32-66 years, were enrolled.
Immediately after dental sample collection, paper points were placed in TSB (2 ml) to allow bacteria to grow first in an anaerobic chamber for 4 hours. Bacteria from each sample were then subcultured in two wells of a 6-well plate with and without SAPP (48 µmol L −1 ), and cultured for an additional 48 hours to allow native mixed-species biofilms to form. Sessile bacteria were then collected and resuspended in TE buffer, and DNA was extracted using a DNeasy UltraClean Microbial Kit. Bacterial cells in biofilms were enumerated using a QuantiTect SYBR green PCR kit with their specific 16S rRNA or 23S rRNA gene primers. Standards used to determine bacterial cell numbers were prepared using genomic DNA from bacteria. Purified bacterial DNAs from known bacterial numbers were isolated for a qPCR assay. Three trials were performed on three separate cultures.
| Statistical analyses
A Student's t test was used to determine the statistical significance of differences in functions and gene expression of P. gingivalis strains grown in the presence or absence of SAPP. A P < 0.05 was considered significant.
| RE SULTS
| Structure and stability of SAPP. Structure and stability of SAPP
Secondary structure prediction using Jpred4, Psipre, and Jufo9D software suggests that SAPP is at the end of an alpha helix of ArcA and is followed first by a few random coil residues, and then by a beta sheet. The secondary structure of SAPP was analysed experimentally by circular dichroism (CD) spectroscopy, which showed it exists as a random coil in H 2 O (Figure 1 ). We also examined the effect of addition of the helix inducing agent tri-fluoroethanol (data not shown), which showed that SAPP does not have a significant helical propensity. To determine the stability of SAPP in solution,
we incubated SAPP (100 µmol L −1 ) in H 2 O or PBS for 24 hours, and in diluted whole saliva (PBS:saliva, 1:1) at 37°C for 24 or 48 hours.
We then compared the level of SAPP in each sample using LC-MS/ MS analysis. As shown in Table 1 
| SAPP toxicity
To examine potential cytotoxic effects of SAPP, we examined the plasma membrane integrity of human oral keratinocytes (HOKs) and human periodontal ligament fibroblasts (HPLFs) that had been exposed to SAPP by measuring level of lactate dehydrogenase (LDH) released from damaged cells. As shown in Figure 2A 
| Specific interaction of SAPP and P. gingivalis cells
Our previous work demonstrated that P. gingivalis directly interacts with S. cristatus ArcA, which initiates bacterial cell-cell communication and represses fimA expression in P gingivalis. 41 To further test if ArcA derived SAPP also binds to P gingivalis cells, we generated fluorescently labeled SAPP (P33) and its derivatives (P34 and P35), which have one or two residues substituted with alanine, (Table 2) and incubated them (5 µmol L −1 ) with P gingivalis 33277 attached on saliva coated surfaces. P33 was detected by a confocal microscopy on the P gingivalis surfaces after a 15 minutes exposure, and a time dependent increase in P33 binding was observed during a 1 hour exposure ( Figure 3A , B). After 1 hour incubation, attachment of P33 to the P gingivalis colonies had approximately increased 4.6-folds compared to that observed after 15 minutes incubation.
The affinity of P34 and P35 for P gingivalis cells was dramatically lower. We observed a more than 20-fold decreased fluorescence density on the P gingivalis 33277 exposed to P34 and P35 for 1 hour, compared to P33 ( Figure 3B ). Since P34 and P35 failed to bind efficiently to P gingivalis cells, we speculated that they lost their ability to repress expression of virulence genes in P gingivalis. As expected, P33 (16 µmol L −1 ) repressed expression of fimA and rgpA/B genes by about 60%, which was consistent with our previous observations. 41 However, expression of fimA and rgpA/B was not regulated in P gingivalis grown in the presence of P34 or P35 ( Figure 3C ). These data suggest that direct interaction of SAPP and P gingivalis cells is critical for its inhibitory activity, and residues at the N-terminus of SAPP are involved in this interaction.
We further investigated the specificity of P33 binding. As shown in Figure 4 , although biofilm formation of P gingivalis W83 was much less than that found in P gingivalis 33277, P33 bound to the cell surfaces of W83 as well, which was consistent with our previous observation on the role of SAPP in inhibiting virulence potential of W83. 44 There is, however, no interaction detected between P33 and Streptococcus gordonii GB9. We previously showed using peptide array analysis that two P gingivalis surface proteins, a major immunodominant antigen of P gingivalis (RagB, PGN_0294) and a protein of the MotA/TolQ/ExbB proton channel family (PGN_0806), interacted with ArcA of S cristatus. 41 Our results from this study demonstrated that P33 failed to interact with two P gingivalis mutants with deficiency in RagB or PGN_0806 (RagBE and 0806E) (Figure 4 ), providing further evidence for the involvement of these two surface proteins in the inhibitory activity of SAPP.
| Ex-vivo biofilm inhibition by SAPP
To test if SAPP can function as an efficient inhibitor in complex multispecies microbial communities, we retrieved dental plaque samples, using paper points from 11 periodontitis patients, and suspended the microorganisms in P gingivalis growth medium (TSB). The dental plaque sample from each patient was divided into two wells on a 6-well plate coated with human whole saliva in the presence or absence of SAPP (48 µmol L −1 ) for 48 hours. Bacteria bound on well surfaces were collected, and their DNA was extracted. The number of sessile bacteria was determined using qPCR with specific 16S The third amino acid (F) at the N-terminus of SAPP is substituted with alanine (bold).
b
The third and fourth amino acids (F and K) at the N-terminus of SAPP are substituted with two alanine (bold).
TA B L E 2 Peptide characteristics
rRNA or 23S rRNA primers (Table S1 ). P gingivalis was detected in all 11 samples. The amount of P gingivalis detected in the multispecies biofilms in wells with SAPP (1.2 × 10 4 ± 6.5×10 3 ) were significantly lower than those found in wells without SAPP (6.5× 10 3 ± 4×10 3 , P = 0.036) ( Figure 5A ). Out of 11 samples, 10 samples grown with SAPP exhibited more than 50% decrease in the number of sessile P gingivalis cells compared to those grown without SAPP ( Figure 5B ).
The inhibitory activity of SAPP against P gingivalis binding in the multispecies biofilms ranged from 25%-95%. To test if this inhibitory activity is strain-specific, qPCR was conducted using specific primers Bacterial associated peptides were visualized using the confocal microscope. B, Each bar represents average fluorescence intensity in 10 random areas (24 × 24 mm). Asterisks indicate significant difference in fluorescence intensities detected for samples exposed to the peptides, compared to that detected in the sample without exposure. C, Each bar represents the relative expression level of fimA or rgpA/B in P gingivalis 33277 grown with FITC-labeled SAPP (P33, 16 µmol L −1 ) or its derivatives (P34 and P35, 16 µmol L −1 ), which was compared to that in 33277 grown without SAPP (1 unit). Means and standard deviations were from three independent experiments. Asterisks indicate statistically significance between expression levels of genes in P gingivalis 33277 grown with and without SAPP (control) (P < 0.05; t test) F I G U R E 4 Affinity of SAPP to bacterial surfaces. The binding of SAPP to bacterial strains was assessed using confocal microscopy. FITClabeled SAPP (P33, 5 µmol L −1 ) was incubated with P gingivalis strainW83, S gordonii G9B, or two P gingivalis mutants (0806E and RagBE)for 1 h to determine the fimA genotypes (I, II, III, or IV) of P gingivalis in each sample. All four types of P gingivalis fimA were detected in the samples ( Figure 5B ), indicating that SAPP can inhibit colonization of P gingivalis strains regardless of FimA expression.
Levels of several other oral bacteria in the biofilms were also determined using specific primers corresponding to their respective16S rRNA or 23S rRNA sequences (Table S1) 4 , P = 0.022) (Figure 6A-C) . T forsythia and F nucleatum were also detected in 11 samples, while T denticola was only found in seven samples. It should be noted that the level of T denticola detected was much lower than that of T forsythia. However, we did not detect any significant difference in the numbers of Aggregatibacter actinomycetemcomitans and Streptococcus in biofilms cultured in the presence or absence of SAPP ( Figure 6D , E). These data suggest that SAPP can effect colonization of other periodontal pathogens in highly orchestrated oral microbial biofilms. 45 Although the inhibition of colonization of specific bacteria associated with chronic periodontitis is not understood, P gingivalis, a keystone bacterium, likely plays an important role in the composition of multispecies biofilms.
| D ISCUSS I ON
Current periodontitis treatment involves surgical-and non-surgical mechanical therapies, which are usually effective in relieving local inflammation. Systemic or local administration of antibiotics may be used to treat severe and refractory manifestations of the disease. [46] [47] [48] that SAPP rapidly bound to P gingivalis in vitro, and that most P gingivalis colonies were interacting with SAPP after a 1 hour exposure.
This interaction may protect SAPP from degradation by salivary F I G U R E 5 Attachment of P gingivalis in multispecies biofilms. A, Multispecies biofilms were created using dental plaque samples retrieved from 11 chronic periodontitis patients, with sample from each patient divided into two cultures and incubated in the presence or absence of SAPP (48 µmol L −1 ). The level of P gingivalis in the biofilms was determined using qPCR with P gingivalis 16S rRNA primers. Mean and standard error of P gingivalis cells detected in the biofilms are presented, and an asterisk indicates a significant difference between the cultures incubated with or without SAPP (P < 0.05; t test). B, Comparison of P gingivalis levels detected in the biofilms in the presence and absence of SAPP in each patient sample. Level of P gingivalis in the biofilm without SAPP exposure is considered as 100%. The fimA genotype detected in each patient sample is indicated proteases and peptidases. Its low cytotoxicity to primary oral cells and its stability in human saliva make SAPP a strong candidate for therapeutic periodontitis treatment.
We previously reported aP gingivalis prevalence of 65% in periodontitis patients as detected by PCR. 43 Others have also reported that 'red complex' bacteria ie P gingivalis, T forsythia, and T denticola were simultaneously detected in 57%-75% of dental samples obtained from chronic periodontitis patients. 53, 54 In this study, we detected P gingivalis and T forsythia in all dental plaque samples. The higher detection rates may be due to amplification of these bacteria in the samples under anaerobic conditions for 48 hours. It should be noted that there is a limitation to this exvivo assay, as it enriches certain bacterial species that can grow under conditions similar to P gingivalis, such as T forsythia and F nucleatum. We detected T denticola in only seven samples, and the amount of T denticola in biofilms was lower than other oral bacteria tested, which may due to limited growth of T denticola under the experimental conditions. Nevertheless, the ex-vivo assay has an edge over in vitro assays, as the former tests the ability of clinical strains periodontal organisms to colonize in multispecies microbial communities.
As expected, SAPP treatment led to significant reduction in the level ofP gingivalis cells in microbial biofilms. Intriguingly, levels of P gingivalis, T forsythia, T denticola, and F nucleatum in the biofilms were also decreased after SAPP treatment. We postulate that SAPP may not have any direct impact on T forsythia, T denticola, and F nucleatum; rather, the decrease in their levels in the biofilms likely results from the reduction in the level of P gingivalis in the biofilms. In fact, clinical studies conducted by several independent laboratories have uncovered a strong co-occurrence relationship among P gingivalis, T forsythia, T denticola, and F nucleatum in subgingival plaques. [53] [54] [55] The close relationship may be a result of specific interactions between/among P gingivalis and other oral bacteria associated with chronic periodontitis. A study by Hashimoto et al revealed coaggregation between P gingivalis and T denticola, which is mediated by P gingivalis fimbrial protein and T denticola dentilisin. 56 T denticola is also known to interact with T forsythia through recognition of the leucine-rich repeat protein LrrA of T denticola by the leucine-rich repeat protein BspA of T forsythia. 57 Moreover, the co-aggregation of P gingivalis and F nucleatum is well-documented, and there is evidence that the co-aggregation involves a galactoside of P gingivalis and a lectin of F nucleatum. 58 As a keystone pathogen, P gingivalis is expected to play a vital role in the community composition and to facilitate the complex interaction among various species of bacteria in the oral microbial communities. This notion is supported by a rabbit model of periodontal disease reported by Hasturk et al. 59 In this model, P gingivalis was introduced to the rabbit oral microflora as an exogenous pathogen. The presence of P gingivalis led to more anaerobic flora in the oral cavity of rabbits and to detectable F. nucleatum.
Here, we provide additional evidence that P gingivalis modulates the levels of important periodontal organisms. Therefore, the ability of SAPP to inhibit P gingivalis colonization in multispecies microbial biofilms makes it a promising therapeutic agent against chronic periodontitis. 
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F I G U R E 6 Determination of other oral bacterial levels in the biofilms generated using an ex-vivo assay. Levels of T forsythia (A), T denticola (B), F nucleatum (C), A actinomycetemcomitans (D), and S gordonii (E) in the biofilms were determined using qPCR with the corresponding specific 16S rRNA or 23S rRNA primers. Asterisks indicate statistical difference between two cultures of each sample grown with or without SAPP (P < 0.05; t test)
